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(54) Abstract Title 

Monitoring formation parameters using downhole sensors and controlling injection 

(57) For monitoring and controlling an injection operation, a plurality of optical fibre sensors (40) are 
distributed in a production well (102, 104), parameters of the formation between the injection well and the 
production well are determined from the fibre optic sensor measurements, and the injection of fluid into an 
injection well (106) is controlled according to the determined parameters. The change in pressure or fluid flow 
at the production well may be measured and related to the time and amount of fluid injection. Also acoustic 
signals indicative of fracturing of the formation may be detected. A plurality of sensors may used to monitor 
temperature, chemical properties, and the condition of downhole devices. 
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MONirOEING OFDOWNHOLE PARAMETERS AND TOOLS 
inmLIZING FIBER OPTICS 

5 

BACKGROUND OF THE INVENTION 
!• Fidd of the Invention 

10 This invention relates generally to oilfidd operations and more particularly to systems 

and methods utilizing fiber optics for monitoring wellbore parameters, formation parameters, 
drilling operations, condition of do^n^ole tools installed in the wellbores or used for drilling 
such wellbores, for momtoring resersroirs and for moiutoring of remedial work. 

IS 2. Background of the Art 

A variety of techniques have been utilized for monitoring reservoir concfitions, 
estinoation and quantities of faydrocaxbons (oil and gas) in earth formations^ for detennination 
formation and wellbore parameters and fomi determining the operating or physical condition of 
2 0 downhole tools. 

Reservoir monitoring typically involves determining certain downhole parameters in 
producing wellbores, such as temprnture and pressure placed at various locations in the 
producing wellbore, firequently over extended time periods. Wireline tools are most commonly 
utilized to obtain such measurements, which involves shutting down the produaion for 
2 5 extended time periods to detennine pressure and temperature gradients ov^ time. 

Seisnuc m^ods wherdn a plurality of sensors are placed on the earth's surface and a 
source placed at the surface or downhole are utifized to obtadn srismic data whidi is then used 
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zo update prior three din^onai (3-D ') seismic maps. Tnree dimension2l mips updaied ov^ 
time are sometLni« referred lo as ■'4-D" sdsmic maps. The 4-D maps provide useAU 
inibnnaDon about reseiN'oirs and subsurtace siruwjre. These seisrriic -neuhods ."irs very 
expensive The vvdreUne methods arc utiliied at greit time inrsr^als, iherebv- noi providag 
5 ccntmucus infonnation isboui the weUbors conditions or chat of the surrcunding fom-Juions. 

Pertnaiiant sensors, such as temperaBjre sensors, pressure ser^rs, acceierometers or 
hydroplicnes have been placed in the v.'el]bores lo obtain continuous infomjarlcn for 
monitoring weUbores and the reservoir. TypicaUy. a separate sensor is. utilized for each type of 
parameter to be determined. To obtain such meafiuremeRts ftom useSil segttienis of each 

iC wdlbore. wiych may cofitain muldlateral vvsCbcres. requires using a large cumber of ser^ors, 
which require a large amount of power, data acquisition equipment and relatively large amount 
of space, which in many cases is impracrical or cost prohToiiive. 

Ln production wells, cfasmicals are often irgeacd dowijhole to treat the producing 
fluids. However: it can be difficxJt to moritcr and control such eheiracal injection in reai time. 

IS Similarly, chemicais are typically used at the surface to treat the produced hydrocarbons (i s. 
break down emissions) and to inhibh corroaon. However, it can be difficult to monitor and 
control such treatment in real dme. 

Formation parameters are most commonly measured by measurement-whiie-diillir^ 
tools durins the drJlii^ of 'Jie wellbores and by wireline methods after the -A'allbores have been 

2 0 drilled. The coirventional fomiation evaluation sensors are complex and laigc in aze and thus 
require large tools. Additionally such sensors are very expensive 
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Prior art is also very deficient in providing suitable system and methods for monitoring 
the condition or health of downhole took Tool conditions should be monitored during the 
drilling process, as the tools are deployed in the wellborc and after deployment, whether during 
the completion phase or the production phase. 
5 The present invention addresses some of the above-described prior deficiencies and 

provides systems and methods which utilize a variety of fiber optic sensors for monitoring 
wellbore parameters, formation parametcxs. drilling operations, condition of do>vnhole tools 
installed in the weUbores or used for drilling such wellbores. for monitoring nsservoire and for 
monitoring of remedial work. In some appDcations, the same senscr is configured to provide 
10 more than one measurement, in many instances these sensoi^ are relatively, consume less 
power and can operate at higher tenq>eratures than the conventional sensors. . 

SUMMAltV OF THF. TNVEfTnON 

15 The present invention jwovides fiber optics based systems and methods for monitoring 

downhole parameter and the condition and operation of downhole tools. The sensors may be 
pemianently disposed downhole. The light source for the fiber opUc sensors m^ be disposed 
in the wellbore or at the surface. The measurements from such sensors may be processed 
downhole and/or at the suAce. Data may also be stored for use for processing. Certain 

20 sensors may be configured to provide multiple measurements. The measurements made by the 
fiber optic sensors in the present invention iadude temperature, pressure, flow. liquid level, 
displacement, vforation, rotation, accdetation. acoustic velocity. <d>emical species, acoustic 
field, electric field, radiation, pH. humidity, electrical fidd. magnetic field, corrosion and 
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density. 

. In one system, a pluraHty of spaced apart fiber optic sensors are disp^^ 
wdlbore to take the desired measurements. H^e Ught source and the processor may be 
disposedintheweDboreoratthesurfece. Two way commuiacation between the sensors and 
5 the pn>cessor is provided ^ fiber optic Onks or by conventional methods. A single figW 
source may be utilized in the multilateial weUbore configurations. The sensois may be 
permanently instafled in the weUbores during the completion or production phases. The 
sensors preferably ,»ovidc measurements of temperature, pressure and flow for monitoring the 
wellbore producUon and for perfomung reservoir analysis. 

• 10 

In another system the fiber optic sensors are deployed in a production weUbore to 
monitor the injection operations, fracturing and faults. Such sensors may also be utilized in the 
injection well. Controllers are provided to control the iiyection operation in response to the in- 
^tu or real time meaairements. 
15 In another system, the fiber optic sensors are used to detennine acoustic properties of 

the formations including acoustic velocity and travd time. These parameters are preferably 
compensated for the efects of temperature utiBang the dovmhole tenq>erature sensor 
measurements. Acoustic measurements are use for cross-v/eU tomography and for »^)datmg 
preensting s«smic data or maps. 
20 TTie distributed sensors of this invention find particular unfity in the monitoring and 

control of various chemicals which are injected into the welL Such chemicals are injerted 
dowhhdle to address a laige number of known problems sud» as for scale inWbition and for the 
pretreatment of thefluid being produced. In acxordance with ^ present invention, a chemical 
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injection monitoring and control system includes the placement of one or more sensors 
do^oJe in the producing zone for measuring the chemical properties of the produced fluid as 
weU as for measuring other downhole parameters of interest. These sensory are preferably 
fiber optic based and arc formed from a sol gel matrix and provide a high temperature. reUable 
5 and relatively in«q>ensive indicator ofthe desired chemical parameter. The dovvnhole chemical 
sensors may be associated wth a network of distributed fiber optic sensors positioned along 
the weUbore for measuring pressure, temperature and/or flow. Suifece and/or downhole 
controllers receive input fiom the several downhole sensors, and in response thereto, control 
the injection of chemicals into the brothel. 
10 The chemical parameters are preferably measured in real time and on-line and then used 

to control the amount and timing of the iigection of the chemicals into the wellbore or for 
controlling a sut&ce chemical treatment system. 

An optical spectrometer may be used downhole to determine the properties of 
downhole fluid, llie spectrometer includes a (piartz probe in contact with the fluid. Optical 
15 enagy provided to the prober preferably from a downhole source. The fluid properties such as 
the density, amount of bil. water, gas and solid contents affect the refraction of the light. The 
refiacted light is analyzed to deteimine the fluid properties. The spectrometer may be 
permanent^ installed downhcde. 

TTie fiber optic sensors are also utilized to measure formation properties, including 
20 resistivity, fonnation acoustic vdodiy. Other measurements may inchide electric field, 
radiationandinagneacfield. Such measurements may be made with sensors installed or placed 
in the wellbore for monitoring the desired formation parameters. Such sensors are also placed 
in the driU string, particulariy in the bottom hole assembly to provide the desired measurements 
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during the drilUng of the wdlbore. 

In another system, the fiber optic sensors are used to monitor the heakh or physical 
condition and/or the operaliorx of the do^ole tools. The measurements made to monitor the 
tools include one or more of (a) vibration, (b) noise (c) strain (d) stress (e) displacement (f) 
5 flow rate Cg) mechanical integrity (h) corrosion (i) eroaon Q scale (k) paraffin and 0) hydrate. 

Examples of the more impoitant features of the invention have been summarized rather 
■ broadly in order that the detailed description thereof that foUows may be better understood, 
and in Older that the contributions to the art maybe appreciated. There are. of course, 
additional features of the invention that vnll be described herdnafter and which will form the 
10 subject of the daims appended hereto. 

BTtrEF PESCRTPTION OF -rPTF. nUAXVINGS 

For a detailed understanding of the present invenuon, reference should be made to the 
i5 following detailed description of the preferred eni>o<fiments, taken in coigunction with the 
accompaiiying drawings, in which like elements have been given like numerals, wherein: 

Figure 1 shows a sdiematic illustrdon of a multilateral wdlbote system and placement 
of fiber optic sensors according to one embodiment of the present invention. 
20 Figure 2 shows a schemafic illustralion of a configurations of wdlbores using fiber- 

optic sensor arrangements according to the present invention to: (a) to detect and monitor 
compressive stresses exerted on wellbore caangs and formations; (b) detemiine the 
effectiveness of the injection process and in-situ control of the injection opoations, and (c) 



BNSDOCID: <G8__23643a0A_l_> 



make acoustic measurements for cross-weU tomography and to generate and/or update 
subsur&ce sdsmic maps. 

figure 3 is a schematic iDustrating both an injection weU and a production well having 
sensors and flood fix>nt running between the weUs and loss through unintended fiacturiiig. 
5 figure 4 is a sdiematic rq)resentation wheron the production wdls are located on 

dther side of the iiyection weD. 

Figure 5 is a schematic illustration of a chemical injection monitoring and control 
system utilizing a distributed sensor anangemeot and downhole chemical monitoring sensor 
system in accordance with one embodiment of the present invention; 
10 Figure 6 is a schematic illustration of a fiber optic sensor system for monitoring 

chemical properties of produced fluids 

Figure 7 is a schematic illustration of a fiber optic sol gel indicator probe for use with 
the sensor system of F^uit 6; 

figure Ska schematic illustration of a sui&ce treatment system in aocofdance with 
15 fte present invoitton; and 

figure 9 is a schematic of a control and monitoring system for the sutfece treatment 
system of Figure S. 

figure 10 is a sdiematic illustration of a wellbore system wherein a 
fluid conduit along a string placed in the wellbore is utiHzed for activating a tydrauUcafly- 
20 operated device and for monitoring downhole parameters using fiber optic sensors along its 
length. 

Figure U shows a schematic dijtgram of a producing well wherein a fiber optic cable 
with sensors is utilized to detennine the condition or heahh of dovwihole devices and to make 
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measurements dowphole relating lo such dexaces and other dcvvnhole Farajn^ers. 

Figure 12 is a schematic illusrraiicn of a wellbcre system wherein elcciric power is 
generated dowrkole utilizing a fight cell for use in operating sensors and dexices dovv^nhole 

Figurr 13 is a schernacic iUustrciion of a wellbore system wherein a pern:anendy 
5 ijistailed electricaUy-operated dev-ice is monitored and operaied by a fiber cede based system. 

Figure 14A and 14B shew s method to avoid dnllinc ^eUbores too dose to or into 
each other from a common plaxlbrm utilizing Fiber opuc sensor in the driiiing sinng. 

Figure 15 is schemadc fflustration of a bottomhole, assembly for use in drilling 
weUbores that utilizes ^ith a number of fiber-KDptic sensors for measuring various downhclc 
1 0 parameters during driiiing of the weUbores. 

DETAILED DESCRIPTION OF PREFERRED ™nODiME>rrS 

Figure I shows an exemplary main or primary wellbore 12 formed from the surface 14 
15 and lateral weUbores 16 and IS formed from the main weBbore 18. For the purpose of 
explananon, and not as any limitation, the main weUbore 12 is partly fomied in a producing 
formation or pay zone I and partly in a non-producing formation or dry fomiation n The 
lateral weUbcre 16 extends from the main v/ellbore 12 at a juncture 24 into a second producing 
formanon HI For the purposes of illustration, the weUbores herein are shoNvn driUed tcozn 
20 land, however, this invention is cqualiy applicable to oSshore weUbores. It should be noted 
that all wdlbore configurations shown and described herein are to iUustrate the concepts of 
present invenuon and shall not be constmed to limit the inventions clamed herein. 

In one appUcalion. a number of fiber opdc sensors 40 are place in the weUbore 12. A 
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single or a plurality of fiber optic sensors 40 may be used so as to install the desired number of * 
fiber opUc sensors 40 in the weUbore 12. As an example. Figure 1 shows two serially coupled 
fiber optic segments 41a and 41b, each containing a plurality of spaced apart fiber optic • 
sensors 40. A light source and detertor (LS> 46a coupled to an end 49 of the segment 41a is 
5 disposed in the weBbore 12 to transmit light cneisy to the sensors 40 and to receive the 
reflected light enagy from the sensors 40. A data acquisition and processing unit (TDA) 48a 
(also referred to herein as a "processor" or "controUer") may be disposed dcwnhole to control 
the operation of the sensors 40, to process downhde sensor signals and data, and to 
conmuiracate with other equipment and devices, mcluding devices in the wellbores or at the 
10 sur&ce (not diown). 

Alternatively, a light source 46b and/or the data acquisition and processing unit 48b 
may be place at the sur&ce 14. Similarly, fiber optic sensor strings 45 may be disposed in other 
wellbores in the system, such as weUbores 16 and weBbore 18. A single fight source; such as 
the fight source 46a dr 46b may be utilized for all fiber optic sensors in the various wdlbores. 

X5 such as shown by dotted line 70. Akematively, multiple light sources and data acquisition units 
may be used downhole. at the sutfece or in combination. Since the same sensor may make 
diferent types of measurements, the data acquisition unit 4Sa or 48 is programmed to 
multiplex the measurement. Also different types of sensors may be muMplexed as required. 
MuWpleriiig techniques are know in the art and are thus not described in detail herein. The 

20 data acquisition unit 46a may be programmed to control the downhole sensors 40 
autonomoudy or upon rccdving command signals from the suifece or a combination of these 
methods. 

The sensors 40 may be instaUed in the weUbores 12, 16, and 18 before or after 
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ix^stalling casings in wdlbores. such as caang 52 shown installed in the weUbore 12. This may 
be accomplished by connecting the strings 41a and 41h along the inide of the casing 52. In 
one method, the strings 4la and 41b may be deployed or installed by robotics devices (not 
shovwi). The robotics device would move the sensor strings 41a and 41b within the wellbore 
5 12 to the desired location and instaU them according to programmed instructions provid«^ 

the robotics device. Ihe robotics device may also be utilized to replace a sensor, condua 
repairs retrieve the sensors or strings to the surface and monitor the operation of downhole 
sensors or devices and gather data. Alternatively, the fiber optic sensors 40 maybe placed in 
the casing 52 Onside. wrapped around, or in the casing wall) at the surfece whUe individual 
XO casing sections (which are typically about forty-foot long) are joined prior to conveying the 
casing sections into the borehole. Stabbingtechniquesfor joining casing or tubing sections are 
known in the art and are preferred over rotational joints because stabbing generally provides 
better alignment of the end couplings 42 and also because it allows oper^ors to test and 
inqject optical conneitioiis between segments for proper two-way transmisaon of light eneigy 
15 through the entire string 41. For coiled tubing appUcations. the sensors may be wrapp^ on the 
outsideorplacedinconduitinside the tubing. Li|Jit sources and data acquisition unit may also 

be placed in the coiled tuiUng prior to or after d^oyment. 

Thus, in the system described in Figure 1. a pluraBty of fiber optic sensors 40 are 
instaUed spaced apart in one or more wdlbores. such as weBbores 12, 16 and 18. If desired. 
20 each fiber optic sensor 40 can be configured to operate m iftore than one mode to provide a 
raunber of different measurements. The fight source 46a, and data detection and acquisitton 
system 48a may be placed dowmhole or at the surfece. Although each fiber optic sensor 40 
may provide measurements for multiple parameters, such sensors are stffl rdalivdy small 

10 
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compared to individual conunonly used smgle measurement sensors, such as pressure sensors, 
stain gauges, temperature sensors, flow measurement devices and acoustic sensors. This 
. enables making a laige number of different types of measurements utilizing relatively small 
downhole space. Installing data acquisition and processing devices or units 48a downhole 
5 aUows making a laige number of data computations and processing dowriiole. avoiding the 
need of transmitting lai^e amounts of data to the smfece. Installing the light source 46a 
downhole anows locating the source 4€a dose to the sensois 40. which avoids transmitting 
light to great distances fiom the sar&ct thus avoiding toss of light enogy. The data from the 
downhole acquisition system 48a may be transmitted to the surfece by any suitable 
XO communication links or method inchiding optical fibeis. wire connections, electromagnetic 
tdemehy and acoustic methods. Data and signals may be transmitted downhole using tKfe 
same communication Dnks. StiU in some appUcations. it may be desirable to locate the light 
source 46b and/or the data acquisition and processing system 4Sb at the suifece. Ako, in 

some cases, h ro^ bfc more advantsigeom to paitiaUy process data downhde and ^ 
15 thesut&ce. 

In the present invention, the fiber optic sensors 40 may be centred to provide 
measurements for temperature, pressure^ flow, liquid bvd displacement, vfciation, rotation, 
acceleration, vdodly, chemical species^ radiation, pH, humidity, electric fields, acoustic fields 
and magnetic fields. 

Still refemng to Figure 1, any number of conventional sensors, generally denoted 
herein by numeral 60, may be disposed in any of the weDbores 12. 16 and 18. Such sensors 
may include sensois for detenranitjg resistivity of fluids and formations, gamma rays sensors 
and hydrophones. Hie measurements fi^om the fiber optic sensors 40 and sensors 60 may be 

11 
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combined to detennine the various conditions dovmhole. For example flow measurements 
from fiber optic sensors and the resistivity measurements from conventional sensors may be 
combined to detennine water saturation or to detenmne the oil, gas an water content. 
Alternatively, the fiber optic sensors may be utilized to detennine the same parameters. 
5 In one mode, the fiber optic sensors are permanently installed in the weBbores at 

selected locations. In a producing wellbore, the sensors continuousW or periodically (as 
programmed) provide the pressure and/or temperature and/or fluid flow measurements. Such 

measurements are preferably made for each producing zone in each of the weUbores. To 
perfbim certain types of reservoir analysis, it is required to know the temperature and pressure 
10 build rates in the wdlbores. TWs requires measuring the temperature and pressure at selected 
locations downhole over extended time period after shutting d5wn the weU at the suifece. In 
the prior art methods, the weU is shut dovwi at the Surfiice, a wireline tool is conveyed in to the 
wellbore and positioned at one location in the wdlbore. the tool continuously measure 
temperature and pre^e and may provide other measurements, such as flow control, these 
15 measurements are then utilized to perform reservoir analyris.whidi may included^ 

the extent of .the hydrocaibon reserves remaining in a field, flow characteristics of the fluid 
from the producing formations, water content, etc. 

The above-described prior art methods do hot provide conlimious measurements while 
the wdl is producing and requires spedal wirdine tools that must be conveyed downhole. The 
20 present invention, on the other hand, provides in-situ measurements awhile the wdlbore is 
produdiig. The fluid flow information from each zone is used to deteraune the effectiveness of 
each produdiig zone. Decreasing flow rates over time may indicate problems with the flow 
control devices, such as screens and sBding sleeves, or dog^ of the per&tadons and rock 
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matrix near the weUbore. This infonnation is used to detennine the course of action, which 
may indude fiather openins or dosing sfiding decves to increase or decrease the production 
rate, remedial work, such as deaning or reaming operations, shutting down a particular zone^ 
etc. The temperature and pressure measurements are used to continuaUy monitor each 
5 production zone and to update reservoir modds. To make measurement for determining the 
temperature and pressure bdldup rates, the wdlbores are shut down and making of 
measurements continues. This does not require transporting wireUne tods to the location, 
which can be veiy e;q>ensive for offiifaore wdlbores and wdlbores driUed in remote locations. 
Further, the in-situ measurements and computed data can be communicated to a central office 
10 or to the offices of log and reservoir engineers via satdlite. This continuous monitoring of 
wdlbores allows taking idativdy quidc action, vAidi can significantly improve the 
hydrocaibon production from the wdlbores. The above described measurements may also be 
taken for non-produdng zones, such as zone n, to aid in reservoir modding, to deteimine the 
effect of production from various wdlbores on the fidd in vAidi the weDbores m drilled. 
15 Optical spectrometers, as described later may be used to detennine the constituents of the 
fomiation fluid and certain chemical properties of such fluids. Presence of gas may be detected 
to prevent blow-outs or to take other actions. 

Egure 2 shows a phirality of wdlbores 102. 104 and 106 fonned in a fidd 101 from 
the earth's suifece 110. The wdlbores in Figure 2 are configured to describe the use of the 
20 fiber-optic sensor atrangements acconling to the present invention to: (a) detect compressive 
stresses exerted into wdlbore casings due to depletion of hydrocarixjns.or other geolo^cal 
phenomena; (b) determine the cflfectiveoess of iigection operations and fi>r in-situ monitoring 
and control of such operations, and (c) make acoustic measurements for cross-wdl 
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tomograplv and to Senerate and/or update subsurface seismic m^^ 

As an example oriy. and not as any limitation. Figure 2 shows three weUbores 102. 
104 and 106 fonned in a common field or r^on of interest 101. For the purpose of 
illustration, the wdlbores 102. 104 and 106 are shovm lined v^th respective casings 103, 105 
5 and 107. Wdlbore 102 contains a string 122 of fiber-opdc sensors 40. The signals and data 
between the dovmhole sensor strings 122 and the soifece 110 are communicated via a two-v«y 
telemetry link 126. The casing 103 be made by coupling or joining tubulars or casing 
sections at the surfece prior to their insertion into the weUbor* 102. the casing joints are 
sbovm by numerals 120a-n. wKch as indicated are typically about forty (40) feet apart. Coiled 
lO tubing njay also be \ised as the casing. 

The weDbore 102 has a production zone ISO from which hydrocaibons are produced 
^ perforations 132 made in the casing 103. ll.e production zone 130 depletes as the fluid 
llows fix«n the production zone 130 into the weUbore 102. If the production rate is high, the 
rate of fluid depletion in the foimations surrounding the production zone 130 may be greater 
XS tium the rate at vvfaich fluids can migrate into the forination to fin the deplrt^ The 
v«ght of the formation 138 above the production zone exerts pressure 134 on the «>ne 130. 
If the pressure 134 is grater than what the ro«dc matrix of the zone 130 can support, it starts to 
coQapse. thereby exerting compressive stress on the casing 103. If the compresdve stress is 
excessive, the casing 103 msqr break at one or more of the caang joints 102ft-n. In case of the 
20 coUed tubing, it may buckle or coDapse due to stresses. The stresses can also occur due to 
natural geological changes, such as shifting of the subsurfece strata or due to ddetion by other 
wdls in the fidd 101. 

To detect compressive stresses in the casing 103. the fiber optic sensors 40 may be 
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operated in the mode that provides strain gauge type of measurements, which are then utilized 
to detemune the extent of the compressive stress on the casing 103. Since the sensor string 
122 spans several joints, the system can be used to determine the location of the greatest stress 
in the casing 103 and the stxt^ distribution along any deared section of the caring 103. Hus 
5 infonnation may be obtained periodically or continuoudy during the life of the wellbore 102. 
Such monitoring of stresses provides early warning about the casing health or physical 
condition and the condition of the zone 130. TMs infomiation aUows the operator of the 
wdlbore 102 to dther decrease the production from the wellbore 102 or to shut down the well 
bore 102 and take remedial measures to correct the problem. 

10 Theuse of theftoer optic sensors to determine the effectiveness of remedial operations, 

such as fracturing or injection, will be desrabed while referring to wellbores 104 and 106 of 
Figure 2. Wellbore 104 is shown located at a distance **dj'* from the wellbore 102 and the 
wdlbore 106 at a distance **d2" from the weUbore 104, A string 124 containii^ a number of 
spaced apart fiber-optic sensors 40 is disposed in the wdlbore 104. The loigth of the string 

15 124 and the number of sensors 40 and their spacing depends upon the specific application. The 
signals and data between the string 124 and a surface equipment 151 are commuiucated over a 
two-w^ tdemetiy or commumcations link 128. 

For the puipose of illustration and not as any limitation, the wdlbore 106 will be 
utilized for injection purposes. The wdlbore 106 contains perforated zone 160. The wellbore 

20 is plugged by a packer or any othear suitable device 164 below the perforations to prevent fluid 
flow beyond or downhole of the packer 164. To perform an injection operation, such as for 
fracturing the fonnation around the weBbore 106 or to stimulate the production from other 
weUborcs in the field 101, such as the wellbore 104, a suitable fluid 166 (such as steam) 

15 



migrates toward the weUbore 104 and may create a fluid wall 107a. This causes the pressure 
icToss the wcQbore 104 and fluid flow from the formation 180 into the wellbore 104 may 
increase. Fracturing of the fonnation 180 into the weUbore 104 may increase. Additionally, 
the fracturing of the foraiation 180 generates seismic waves, which generate acoustic eneigy. 
5 The fiber optic sensors 40 along \«th any other desired sensors disposed in the weUbore 104 
measure the dianges in the pressure, tonperature, fluid flow, acoustic agnals along the 
weUbore 104. The sensor measurements (agnals) are processed to determine the effectiveness 
of tiie ii^ecaon operations. Por example, the change in pressure, fluid flow at the weUbore 104 
and the time and amount of injected mateiial can be used to determine the effectiveness of the 
iO injection operations. Also, acoustic agnals received at the weUbore provide useful infonnalion 
about the extent of fracturing of the rock matiix of fonnation 180. Also, the acousuc agnali 
recdved at the weUbore provide usefiil infonnatidn about the extent of fracturing of the rock 
matrix for the formation 100. The acoustic signal analyas is used to determine v^ether to 
increase or decrease the pressure of the ii^ected fluids 166 or to temanate the operatioa This 
15 method enables the operators to cbntinuousfy mbmtor the effect of the injection opeifadon m 
one wdlbore, such as the wellbore 106, upon the other wdlbores in the fidd, such as wellbore 
104. 

. . The sensor configuratiwi ^own in Figure 2 may be utilized to map subsurface 
formations. In one method, an acoustic source (AS) 170, such as a A^brator or an e3q)losive 
20 diaige. is activated at the surface 110. The sensors 40 in the wdlbores 102 and 104 detect 
acoustic agnals whidi travel from the source 170 to the sensors 40 through the fonnation 180. 
These agnals are processed 1^ any of the methods known in tiie ait to map the subsurfece 
formations and/or update the existing maps, which are typically obtained prior to drilling 
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weUbores. such as weHbores 102 and 104. Two dimensional or three dimensional seismic maps 
are commonly obtained before drilling weUbores. The data obtained by the above-described 
method is used to update such naps. Updating three <fimensiona] or 3D maps over time 
provides what are refened to in the oil and gas industiy as four dimensional or "4D" maps. 
5 These maps are then used to detennine the conditions of the reservoirs, to petform reservoir 
modeling and to update existing reservoir models. Ihese reservoir models are used to manage 
the oU and gas production fiom the various v«sUbores in the field. The acoustic data obtained 
above is also utilired for ooss-weU tomography. Also, the acoustic source 170 may be 
disposed (activated) within one or more of the wellbores, such as shown by numeral 170 in 
lO wdlbore 104. The acoustic source is moved to other locations, such as shown by dotted box 
170 to take additional measurements. The fiber optic sensors described herein may b6 
permanently d^loyed in the wellbores. 

In another en*odiment of the invention relating to fiacturing, illustraied schematically 
in Figure 3, downhofTe sensors measure strain induced in the formation by the injected fluid. 
15 Strain is an important parameter for avoidmg exceeding the formation parting pressure or 
fiiacture pressure of the formation with the injected fluid. By avoiding the opening of or 
widening of natural pre-existing fractures large unswqjt areas of the reservoir can be avoided. 
The reason this infonnation is important in the regulation of pressure of the fluid to avoid such 
activity is that when pressure opens fiactures or new fiactores are created there is a path of 
20 muchless resistance forthe fluid to nin through. Since the injection fluid wifl foUow along the 
path of least resistance it would geneiany nm in the fiactures and around areas of the reservoir 
that need to be swept. This substantially reduces its eflSdency. The situation is generally 
referred to in the art as an "artificially Kgh permeability channd." Another detriment to such a 
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condition is the uncontroUed loss of injected fluids. This results in loss of oH due to the 
reduced effidency of the sweep and additionally imy funcdon as an economic drain due to the 

loss of expensive flinds. 

Figure 3 schematically iUustrates the embodiment and the condition set forth 
5 above by illustiating an injection wen 250 and a production weU 260. Fluid 252 is illustrated 
escaping via the unintended fracture from the fotmation 254 into the overlying gas cap level 
256 and the underiying water table 261. The condition is avoided by the invention by using 
pressure sensors to limit the injection fluid pressure as described above. The rest of the Add 
252 is progressing as h is intended to through the formation 254. In order to eaaly and reliably 
10 determine what the stress is in the formation 54. fiber optic acoustic sensors 256 are located in 
the injection wdl 250 at various points thereia The acoustic sensors 256 pick up sounds 
generated by stress in the formation which propagate through the reservoir fluids or reservoir 
matrix to the injectiox» well. In«eneral. higher sound levels would indicate severe stress in the 
formation and shotild generate a reduction in pressure of the injected fluid whether by 
X5 automatic control or by technidan control. A data acquiadon system 258 is preferable to 
render the system octremdy reliable and system 258 may be at the surface where it ism 
in the schematic drawing or may be downhde. Based upon acoustic signals received the 
system of the invention, preferably automatically, although manually is .woitaWe^ reduces 
pressure of the injected fluid by redudng pump pressure. Maximum sweep efficiency is thus 
20 obtsuned. 

In yet another embodiment of the invention, as schematically Slustrated in 
Figure 4. acoustic Benerators and receivers are employed to determine whether a fonnation 
which is bifiircated by a fiult is sealed along the feult or is permeable along the fault It is 
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known by one of ordinaiy skill in the art that different strata within a format ion bifurcated by a 
feult may have some zones that flow and some zones that are sealed; this is the illustration of 
Figure 4. Referring directly to Figure 4, injection well 270 employs a plurality of fiber optic 
sensors 272 and acoustic generators 274 which, most preferably, alternate with increasing 
5 depth in the weDbore. In production weH 280. a similar arrangement of sensors 272 and 
acoustic generators 274 are positioned. The sensors and generators are preferably connected 
to processors which are either dowjhole or on the surface and preferably also connert to the 
associated production or iigection well The senson: 272 can receive acoustic signals that are 
naturally generated in the foraiation, generated by virtue of the fluid flowing through the 
lo formation from the injection well and to the production well and also can receive signals which 
are generated by signal generators 274. Where signal generators 274 generate signals, thb 
reflected signals that are lecdved by sensors 272 over a period of time can indicate the distance 
and acoustic volume through v*ich the acoustic signals have traveled. This is iHusirated in 
area A of Figure4 inthat the fault line 275 is sealed between area A and area B on the figure. 
15 Thisisilhjstratedforpurposesofcla%onlybypn>vidingcircles276alongfeuhl^ The 
areas of feult line 275 which are pemieable are indicated by hash marks 277 through fimit line 
275. Since the acoustic signal represented by arrows and semi-curves and indicated by numeral 
27« cannot propagate through the area C which bifiircates area A from area B on the left side 
of the drawing, that signal wffl bounce and it then can be picked up by sensor 272. The time 
20 ddsQr,mimber and intensity of refleclioiB and mathematical int^ 

the art provides an indication of the lack of pressure transmisavily between those two zones. 
Additionally this pressure tiansmisshity can be confinned by the detection by said acoustic 
signals by sensors 272 in the production weH 2S0. In the drawing, the area direcdy beneath 
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3rea A. indicated as area E. is penneable to area B through fault 275 bec^^ 
^areaispenneableand v«nallowflowofthe flood front from theirj^^^^ 
feult line 275 to th. production well 280. Acoustic sensors and generator, can be employed 
here as weU since the acoustic ^gnal ^-ffl travel through the area I> and, therefore, reflection 
5 imensity to the receivers 272 ^decrease. Tune dd^ vnD increase. Since the sensors and 
generators are connected to acentralproces^gunit and to one another it is asirn^^ 
to deternune that the signal, in fact, traveled from one weD to the other and indicates 
permeability throughout a particular zone. By processing the information that the acoustic 
generators and sensors can provide the injection and production can mn automatically by 
XO detemuning where fluids can flow and thus opetung and do«ng vaWes at relevant locations on 
the injection weQ and production wdl in order to flush production fluid in a direction 
advantageous to run through a zone of penneabiUty along the feult. 

Other information can also be gene^ted by tins alternate system of the invention since 
the sensots 272 are deaiiy capable of rec«ving liot only the generated acoustic signals but 
X5 naturallyoccurringacousticwaveformsari^gftoinboththeflo 

injection ^ and from those ari^g within the reservoirs in result of boti. fluid injection 
operations and dmultaneous drainage of the reservoir in resulting production operations. The 
preferred permanent deployment status of the sensors and generators. of the invention permit 
and see to the n«asurements simultaneously vnth ongomg injection flooding and production 
20 operations. Advancements in both acoustic measurement capabilities and «g^ 

v.hile operating the floodmg of tiie reservoir represents a significant, tedinological advance in 
that tiie prior art requires cessation of the injection/production operations in order to nu^nrtor 
acoustic parameters downhole. As one of ordinary skill in the art wiU recognize the cessation 
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of injection results in natural redistribution of the active flood profile due prin»rily to gravity 
segregation of fluids and entropic phenomena that are not present during active flooding 
operations. ^^enhancesthepossibiKtyofprematurebreakthrough,asoilnrigratestot^^ 
relative top of the fonnation and the injected fluid, usually water, tnigrates to the relative 
5 bottom of the Wtion. Hence, there is a significant possibility that the water voD actually 
reach the production well and thus fisher pumping of stean, or water vol! merely run 
underneath the layer of oil at the top of the fonnation and the sweq, of that r^on would be 
extremely <fif5cult thereafter. 

In yet another embodiment of the invention fiber optics are employed (similar to those 
10 disclosed in the US. ^Ucation filed on June 10. 1997 entitied CHEMICAL IHIECTION 
WELL CONmOL AND MONTTOWNG SYSTEM under Attorney docket n^nber 97-1554 
and Bm 197-09539-US which is my incorporated herein by reference) to detennine the 
amount of and/or presence of Wo&uling ^vithin the reservoir by providing a culture chamber 
wtfain the inlection or production weB, wherein light of a predetennined wavelength may be 
15 injectedbyafiberopticalcdjl^iriadiatingasampledete^ 

may have occurred. As one of ordinary sIdU in the art will recognize, various biofouH^ 
otganisms wiB have the ability to fluoresce at a given wavelength, that wavelength once 
determined, is vaeM for the purpose above stated. 

Referrir^ back to Kgnre 2, the flood fiont may also be monitored ^ 
20 employing sensors 155 instafled in the injection weM 106. These sensors provide acoustic 
signals which reflect fiom the water/oil inteifece thus providing an accurate picture in a 
inomentintimeofthethree-dimensionalfloodfront Taki,« real time 4D pictures provides an 
accurate fomiat of fl« density profile of the fonnation due to the advancing flood fiont. Thus. 
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a particular profile and the relative advancement of the front can be accurately detennined by 
the density profile changes. It is cert^nly possible to linut the sensors and acoustic generators 
to the injection well for such a system. Hov^er. it is generally more preferable to also 
iitfroduce sensors and acoustic genemors in the production well toward which the front is 
5 moving (as desciibed before) thus aDo^g an immediate double check of the fluid firont 
profile. Thatis.acouslicgeneratorsoatheproductionweBwiUrefleaasignalofftheCMl^ 
interfece and v«U provide an equally accurate three-dimensional fluid front indicator. The 
indicators from both sides of the front should agree and thus provides an extremely reliable 
indication of location and profile. A common processor 151 may be used for processing data 

10 firom the wdls 102>106. 

Referring now to Figure 5. the distributed fiber optic sensors of the type described 
above are also weU suited for use in a production weU where chemicals are being irijerted 
therdn and there is a resuhant need for the monitoring of such a chemical injection process so 
astooptimizetheuseandeffectoftheiqectedcfaemicals. Chemicals often need to be pumped 
15 dovm a production wdl for inhibrting scale, panffins and the like as wdl as for other toovwi 
processir^g applicatioos and pretreatment of the fluids being produced. Often, as shown in 
Figure 5, diemicals are introduced in an areuihis 400 between the production tubing 402 and 
the casing 404 of a weU 406. The chemical iqection (shown schematically at 40S) can be 
accomplished in a variety of known methods such as in connection with a submersible pump 
20 (as shown for example in U.S. Patent 4,582.131, asagned to thfe asagnee hereof and 
incorporated herein by reference) or through an auxiUaiy line assodated with a cable used with 
an electrical submersible pump (such as shown for eican5>le in U.S. Patent 5,52g.824, assigned 
to tiie asagnee hereof and incorporated hierein by r^ence). 
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In accordance vwth an embodiment of the present invention, one or more bottomhole 
sensors 410 are located in the producing zone 405 for sensing a variety of parameters 
assodated with the producing fluid and/or interaction of the injected chemical and the 
producing fluid 407. Thus, the bottomhole sensors 410 will sense param^rs rdative to the 
5 dienical properties of the produced fluid such as the potential ionic content, the covalent 
contem. pH level, o^tygen levels, oiganic predpitates and like measurements. Sensors 410 can 
also measure physical properties assodated with the producing fluid and/or the interaction of 
the injected dieiiucals and producing fluid such as the oil/water cut, viscosity and p^cent 
solids. Sensors 410 can also provide information related to parajOSn and scale build-up, H2S 

10 content and the like. 

Bottomhole sensors 410 preferably communicate with and/or are assodated with *a 
plurality of distributed sensors 412 wMch are positioned along at least a portion of the 
wellbore (e.g., prrferably the interior of the production tubing) for measuring pressure, 
trniperBture and/or flow rate as discussed above in connection with Figure 1. Hie present 

15 invention is also preferably assodated with a surface control and monitoriiig system 414 and 
one or more known surface sensors 415 for sensing parameters related to the produced fluid; 
and more paiticulaily for sensing and monitoring the efifectivmess of treatment rendered by the 
injected chemicals. The sensors 415 assodated with sur&ce system 414 can sense parameters 
related to the content and amount o^ for example, hydrogen sulfide, hydrates, paraffins, water, 

20 solids and gas. 

Preferably, the production well disdosed in figure 5 has assodated therewith a so- 
called 'Intdligenf downhole control and moritoring system wKdi may indude a dowiihole 
computerized controller 418 and/or the aforementioned surface control and monitoring system 
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414. This contrcrf and monitoring system is of the type disclosed in Patent 5,597,042, which is 
assigned to the assignee hereof and fidly incorporated herein by reference. As disclosed in 
Patent 5,597,042, the sensors in the '"intemgent" production wells of this type are associated 
with downhole computer and/or surfece controllers which receive infonnation from the sensors 
5 and based on this infonnation^ initiate some type of control for enhancing or optinmdng the 
eflSdency of production of the well or in some other way eflfecting the production of fluids 
fi-omthefonnation. In the present invention, the surfece and/or downhole computers 414, 41S 
will momtor the effectiveness of the treatment of the injected diemicals and based on the 
sensed information, the control computer will imtiate some change in the manner, amount or 
10 type of chemical b^g injected. In the system of the present invention, the sensors 410 and 
412 may be connected remotely or in*dtu. 

In a preferred embodiment of the present invention, the bottomhole sensors comprise 
fiber optic chemical sensors. Such fiber optic chemical sensors preferably utilize fiber optic 
probes whidi are used as a sample interface to allow light fi-om the fibw optic to interaa vAih 
15 the liquid or gas stream and r^iim to a spectrometer for measurement. The probes are 
typically composed of sol gel indicators. Sol gei indicators allow for on-line, real time 
measurement and control through the use of indicator materials trapped in a porous, sol gd 
derived, glass matrix. Tlin films of this material are coated onto optical components of various 
probe designs to create sensors for process and environmental measurements. These probes 
20 provide increased sensitivity to chemical species based upon characteristics of the specific 
indicator. For example, sol gel probes can measure wth great accuracy the pH of a material 
and sol gd probes can also measure for spedfic chemical content The sol gd matrix is porous, 
and the size of the pores is determined by bow tiie glass is prepared The sol gel process can be 
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controlled so as to create a sol gel indicator composite with pores small enough to trap an 
indicator in the matrix but laige enough to allow ions of a particular chemical of interest to pass 
finely in and out and react with the indicator. An example of suitable sol gel indicator for use in 
the present invention is shown in Figurcs 6 and 7. 
5 Refening to Figures 6 and 7, a probe is shown at 416 conneaed to a fiber optic cable 

418 which is in turn connected both to a light source 420 and a spectrometer 422. As shown 
in Figure 7, probe 416 includes a sensor houang 424 connected to a lens 426. Lens 426 has a 
sol gd coating 428 thereon v*ich is tailored to measure a specific dosvnhole parameter such as 
pH or is selected to detect the presence, absence or amount of a particular chemical such as 

10 035rg«,H2S orthelike. Attached to and spaced from lens 426 is a irirror 430. During use, 
li^t fixMn the fiber optic cable 418 is collimated by lens 426 whereupon the light pas^ 
through the sol gd coating 428 and sainple space 432. The light is then reflected by nurror 430 
and returned to the fiber optical cable, light transmitted by the fiber optic cable is measured by 
the q)ectronieter 422. Spectrometer 422 (as well as light source 420) be located either at 

15 the surfece or at some location downhole. Based on the spectrometer measurements, a control 
computer 414, 416 wU analyze the measurement and based on this analyas, the chemical 
injection apparatus 408 will change the amount (dosage and concentration), rate or type of 
chemical being injected downhole into the well. Information from the dienical injection 
apparatus relatiiig to amount of diemical left in storage, chemical quality level and the like wifl 

20 also be sent to the control computers. The control computer may also base its control decision 
on input received from suifiice sensor 415 relatir« to the eflEectiveness of the chemical 
treatment on the produced fluid, the presence and concentration of any impurities or uxidesired 
by-products and the like. 
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Alternatively a specironreter may be utilized to monitor certain properties of dov,^ole 
fluids. The sensor indudes a glass or quartz probe, one end or tip of which is placed in contact 
vdth the fluid. light suppUed to the probe is refraaed based on the propemes of the fluid. 
Spectrum analysis of the refracted light is used to determine the and monitor the properties. 
5 which include the water, gas. oil and solid contents aiid the density. 

In addition to the bottomhole sensors 410 being comprised of the fiber optic sol gel 
type sensor:, distributed sensors 412 along production tubing 402 may also include the fiber 
optic chemical sensors of the type discussed above. In this way. the chemical content of the 
production fluid may be monitored as it travels up the production tubing if that is desir^le. 
,0 -nie permanent placement of the sensors 410. 412 and control system 417 downhole in 

the weU leads to a significant advance in the field and allows for real tiine. remote control Xrf 
chemical injections into a weU without the need for wireline device or other weU interventions. 

In accordance with the present invention, a novel control and monitoring system is 
provided for use in connection with a treating system for handling produced Iqrdrocarbons in 
15 an oilfield. Refeiiing to Rgure 8. a ^ical surface treatment system used for ti«^ 
produced flmd in oa fields is shown. As is wdl known, the fluid produced fix>m the well 
iadudesacombinafionofemulsion.oa.gasandwater. After these well fluids are produced to 
thesuifece.theyarecontainedinapipelineknownasa"flowline." The flow line can lange in 
lengflifromafewfeettoseveralthousandfeet Typically, the flow line is connected direcdy 
20 into a series of tanks and treatment devices which are intended to pfo>dde separation of the 
vraler in emulaon from the oil and gas. In addition, it is intended tfeit the oU and gas be 
sq)arated for transport to the re&neiy. 



26 



The produced fluids flowing in the flow Gne and the various separation techniques 
which act on these produced fluids lead to serious corrosion problems. Presently, measurement 
of the rate of corrosion on the various metal components of the treatment systems such as the 
pipmg and tanks is accomplished by a mimber of sensor techniques including weight loss 
5 coupons, electrical resistance probes, dectiochemical - linear polarization techniques, 
dectrochemical noise techniques and AC impedance techniques. While these sensors are 
usefiil in measuring the corrosion rate of a metal vessel or pipework, these sensors do not 
provide aiiy information relative to the chemicals themselves, that is the concentration, 
characterization or other parameters of chemicals introduced into the treatment system. These 
10 chemicals are introduced for a variety of reasons including corrosion inhibition and emulsion 
breakdown, as wen as scale, wax, asphaltene^ bacteria and hydrate control 

In accordance with an important feature of the present invention, sensora are used in 
chemical treatment systems of the type disclosed in Figure 8 -which roonitois the chemicals 
themselves as opposed to the e&cts of the chemicals (for example, the rate of corrosion). 
15 Such sensors provide the operator of the treatment system with a real time understanding of 
the amount of chemical being introduced, the tranqwrt of that chemical throughout the jsystem, 
the concentration of flie chenucal m the system and fike parameters. Examples of suitable 
sensors whidi may be used to detea parameters relating to the chemicals in the treatment 
system include the fiber optic sensor described above with reference to Figures 6 and 7. 
20 Ultrasonic absorption and reflection, laser-heated cavity spectroscopy (LIMS), X-ray 
fluorescence qiectroscopy, neutron activation qsectroscopy, pressure measurement, microwave 
or millimeter wave radar reflectance or absoiption, and other optical and acoustic 0.c, 
ultrasonic or sonar) methods may also be used. A suitable microwave sensor for sensing 
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moisture and other constituents in the solid and liquid phase influent and effluent streams is 
described in U.S. Patent No. 5,455,5 16> all of the contents of v/Hch are incorporated herein by 
reference. An exanq^le of a suitable apparatus for sensing.using UBS is disclosed in U.S. 
Patoit No. 5,379,103 all of the contents of which are incorporated herein by reference. An 
5 escample of a suitable apparatus for sensing UMS is the J-ASMA Laser Mass Analyzer 
available from Advanced Power Technologies, Inc. of Washington. D,C. - An example of a 
suitable ultrasoiuc sensor is disclosed in U. S. Patent 5,148,700 (all of the contents of which are 
incoiporated h^^ by reference). A smtable commerdally available acoustic sensor is sold by 
Entech I>esign, Inc., of Denton^ Texas under the trademark MAPS* Preferably, the sensor is 

10 operated at a multiplicity of frequencies and agnal strengths. Suitable rcullimeter wave radar 
techmques used in conjunction with the present invention are desc^bed in chapter 15 of 
Prindples and Applications of Millimeter Wave Radar, edited by >J.C_ Currie and C,E- Brown. 
ArtechHouse, Norwood, MA 1987. . 

V^e the sensors may be utilized in a system such as shown in Figure 8 at a variety of 

15 locations^ the arrows numbered 500, through 516 indicate those po^ons where information 
relative to the diemical introduction would be espedally usefiil. 

- ■ Refening now to Figure 9, the surface treatment system of Figure 8 is shown 
general^ at 520. Jn accordance with the present invention, the chemical sensors (Le. 500 • 
516) ^mll smse, in real time, parameters (i.e^ concentration and das^cation) related to the 

20 introduced chemicals and supply that sensed information to a controller 522 (preferably a 
computer or microprocessor based controller). Based on that sensed infoiihation monitored by 
controller 522» the controller wll instruct a pump or other metering device 524 to maintain, 
vaiy or otherwise alter the amotmt of chemical and/or type of chemical being added to the 
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surface treatment system 520. The supplied chenoical from taziks 526 can, of course, compcise 
any suitable treatment chemical such as those chemicals used to treat corrosion, break down 
emulsions^ etc. Examples of suitable corroaon inhibitors include long chain amines or 
aminodiazolines. Suitable commerdally available chemicals include CronoxO 'which is a 
5 corrosion inhibitor sold by Baker Petrolite, a division of Baker-Hughes Incorporated, of 
Houston, Texas, 

Thus, in accordance with the control and momtoiing system of Figure 9, based on 
information provided by the chenucal sensors 500-516, corrective measures can be taken for 
vai>dng the injection of the cheniical (corrosion inhibitor, emulsion breakers, etc.) into the 

lO system. The injecdon point of these chemicals could be ai^where upstream of the location 
bdng sensed such as the location where the corro^on is bduig sensed. Of course, this injection - v 
point could mdude injections downhole. In the context of a corrosion inhibitor, the inhibitors 
work by fonxung a protective fihn on the metal and thereby prevent water and corrosive gases 
jSrom corroding the metal sur&ce. Other surface treatment diemicals include emulsion breakers 

15 v^hich break the emulnon and facilitate v^er removal. In addition to removing or brealdng 
emul^ons, chemicals are also introduced to break out and/or remove solids, wax, eta 
Typically, chemicals are introduced so as to provide what is known as a base sediment and 
water (B.S. and W) of Jess than 1%, 

In. addition to the parameters rdating to the chemical introducdon bdng sensed by 

2 O chemical sensors 500-516, the monitoring and control system of the present invention can also 
utilize known com>sion measurement devices as well induding flow r^te, tenq^erature and 
pressure sensors. These other sensors are schematically shown in Figure 9 at 528 and 530. 
The present invention thus provides a means for measuring parameters related to the 
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introduction of chemicals into the ^em in real time and on line. As mentiooed, these 
param^ers indude chemical concentrations and may also include such chemical properties as 
potential ionic content, the covalent content, pH level, oxygen levels, organic precipitates and 
Eke measurements. Similarfy. oil/water cut viscosity and percent solids can be measured as 
5 wdl as paraffin and scale build-up. HiS content and the like. The fiber optic sensors described 
above may be used to detenxune the above mentioned parameter downhole. 

Figure 10 is a schematic diagram of a wdlbore system 600 wherdn a common condm 
is utilized for operating a downhole hydraulicaBy-operated tool or device and for monitoring 
one or more downhole parameters utilizing the fiber optics. System 600 includes a weDbore 
XO 602 having a suifece caang 601 installed a short distance from the surfece 604. After the 
wdlbore 102 has been driUed to a desared depth. A completion or production string 606 Ts 
conv^ed into Hus weDbore 602. The string 606 includes at least one downhole hydraulically- 
operaied device 614 carried by a tubing 608 wHch tubing may be a drill pipe, coUed tubing or 
production tubiiig. A fluid conduat 610 (or hydrauUc line) having a desired inner diameter 611 
15 is placed or aoacfaed «ther on the outade of the string 606 (as shown in 'Figure 10) <Mr in the 
inside of the string in any suitable manner. The conduit 610 is preferably routed at a desired 
location on the string 606 via a u^oint 612 so as to provide a smooth transition for returning 
the conduit 610 to the surfece 604. A hydraulic connection 624 is provided from Ae conduit 
610 to the device 614 so that a fluid under pressure can pass from the condiut 610 to the 
20 device 614. 

Afker the string 606 has been placed or installed at a desired depth in the wdlbore 602. 
an optical fiber 612 is pumped uiider pressure at the inlet 630a from a source of fluid 630. The 
optical fiber 622 passes throu^ the entire length of the conduit 610 and reftims to the surface 
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604 via outlet 630b. The fiber 622 is then optically coupled to a light source and recorder (or 
deteaor) (LS/REC) 640. A data acquiadon/signal processor (DA/SP) 642 processes' 
data/signal recdved via the optical fiber 622 and also controls the operation of the Ught source 
and recorder 640. 

5 The optical fiber 622 may include a plurali^ of sensors 620 distributed along its length. 

Sensors 620 may include temperature sensors, pressure sensors, vibration sensors or any other 
fiber optic sensor that can be placed on the fiber optic cable 622. Sensors 620 are formed into 
the cable 622 during the manu&ctuiing of the cable 622. The downhole device 614 may be 
az^ downhole fluid*acuvated device induding but not fimited to a valve/ a choke, a sGdii^ 
10 sleeve, a perforating device, and a packer, fluid flow regulation device, or any other compleuon 
and/or production device. The device 614 is activated by supplying fluid under pressufe 
through the conduit 610. In the embodiment ^wn herdn» the line 610 recdves fiber opfic 
cable 622 throughout its length and is connected to sur&ce instrumentation 640 and 642 for 
distributed measurements of dowiihole parameters along its length. The fine 610 may be 
15 arranged downhole along the string 606 in a V or other convenient shape, Altemativdy, the 
line 610 may terminate at the device 614 and/or continue to a second device (not shown) 
downhole. the fiber optic sensors also may be disposed on the line in any oth^ suitable manner 
such as wrappmg them on the out^deoftfae conduit 610. In the present invendon, a common 
line is thus used to control a hydraulically-controlled de\ice and to monitor one or more 
2 0 downhole parameters alox^ the line. 

During the conqpledon of the weilbore 602, the sensors 620 provide us^l 
measurements relating to their assodated downhole parameters and the line 606 is used to 
actuate a downhole device. The sensors 620 continue to pro^de information about the 
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downhole paiameters over time. 

Figure 11 shows a schematic diagram of a produdng well 702 that preferably has two 
electric submersible pumps C^ESP") 714, one for pumping the oil/gas 706 to the surfece 703 
and the other to pump any separated water back into a fonnatioa The fomiation fluid 706 
5 flows from a producing zone 708 into the wellbore 702 via perforations 707. Packers 710a 
and 710b instaDed brfow and above the ESP 714 force the fluid 706 to flow to the surface 703 
via pumps ESP 714. An oil water separator 750 separates the oil and water and provide them 
to their respective pumps 714a-714b. A choke 752 provides desired back pressure. An 
instrument package 760 and pressure sensor is installed in the pump string 718 to measure 
lo related parameters during production. The present invention utilizes optical £ber with 
embedded sensors to provide measurements of selected parameters, such as temperature, 
pressure, vibration, flow rate as described below. ESP's 714 use laiBe amounts of electric 
power which is supplied from the sur&ce via a power cable 724. Such cables often tend to 
corrode an/or ovedieated, I>ue to the hi^ power being carried by the cable 724, dectrical 
15 sensors are generally not placed on or along ^de the cable 724. 

In one embodiment of the present invention as shown in Figure 11, a fiber optic cable 
722 canjTOg sensors 720 is placed along the power cable 724. The Sb&r optic cable 702 may 
also be extended below the ESP's 714 to replace conventional sensors in the instrumentation 
padcage 760 and to provide control signals to the downhole device or processors as described 
2 O eariier In one application, the sensors 720 measure vibration and temperature of the ESP 714. 
It is desirable to operate the ESP at a low temperature and without excesave vibration. The 
ESP 714 speed is adOusted so as to maintain one or both such parameters bdow their 
predetermined masdnuim value or within their respective predetennined ranges. The fiber optic 
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sensors are used in this application to continuously or periodically determine the physical 
condition (health) of the ESP. The fiber optic cable 722 may be esctended or deployed below 
the ESP at the time of installing the production string 718 in the manner described with respect 
to Figure 10. It should be obvious that the use of the ESP is only one example of the 
5 downhole device that can be used for the purposes of this invention. The present invention 
may be used to continuously measure downhole parameters, to monitor the health or condition 
of downhole devices and to control downhole devices. Any suitable device may be utilized for 
this puii>ose including, sliding sleeves, packers, flow control devices etc. 

Figure 12 shows a wellbore 802 with a production String 804 hawig one or more 
XO electricaliy-operated or opticalIy-<)perated devices, general^ denoted herdn by numeral 850 
and one or more downhole sensors 814. Hie string 804 includes batteries 812 which pro^dde 
electrical power to the devices 850 and sensors 814. The batteries are charged by generating 
power downhole by turbines (not shown) or by supplying power firom the surfece via a cable 
(not shown). 

15 . In the preset invention a light cdtt 810 is provided in the string 804 wiudi is coupled to 
an optical fiber 822 that has one or more sensors 820 associated therewith. A light source 840 
at the sux&ce provides light to the light celi 810 wUch generates electridty which charges the 
downhole batteries 812. Hie light cell 810 essentially trickle charges the battles. In many 
applications the downhole devices, such as devices 850, are activated in&equendy. Trickle 

20 dbaxffng the batteries may be sufficient and thus may eliminate the use of other power 
generation devices. In applications requiring greater power consumption, the light cell may be 
used in conjunction with other conventional power generation devices. 

Altemativdy, if the de^ce 850 is optically-activated, the fiber 822 is coupled to the 
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device 850 as shown by the dotted line 822a and is activated by supplying optical pulses from 
the surface unit SIO. Thus, in the configuration of Figure 12, a fiber optics device is utilized to 
generate electrical energy dovimhole, which is then used to chaige a source; such as a battery, 
or operate a device. The fiber 822 is also used to provide two-way communication between 
5 the DA/SP 842 and downhole sensors and devices. 

Figure 13 shows a schematic of a wellbore system 900 wherein a pennanently installed 
dectiically-operated device is monitored and controlled by a fiber optic based systm. The 
system 900 inchides a w^ore 902 and an dectiically-operated de%ice 904 installed at a 
de^ed depth, whidi may be a sliding sleeve, a choke, a fluid flow control device, etc. An 

10 control unit 906 controls the operation of the device 904. A production tubing 910 installed 
above the device 904 allows formation fluid to flow to the surface 901. During the 
manu&cture of the string 911 that includes the device 904 and the tubing 910, a conduit 922 is 
clamped along the length of the tubing 910 with clamps 921. An optical coupler 907 is 
provided at the deorical control unit 906 which can mate with a coupler fed through the 

15 conduit 922. 

Ether prior to or after placing the string 910 in the wdlbore 902, a fiber optic cable 
921 is deployed in die condint 922 so that a coupler 922a at ihe cable 921 end would couple 
with the coupler 907 of the control uiut 906. A light soxirce 990 provides the light energy to 
the fiber 922. A pluiali^ of sensors 920 may be deployed along the fiber 922 as described 
20 before. A sensor preferably provided on the fiber 922 determines the flow rate of formation 
fluid 914 flovwg througli the de\dce 904. Command agnals are sent by DA/SP 942 to activate 
the de>nce 904 via the fiber 922. These dgnals are detected by the control unit 906, whidi in 
turn operate the device 904. This, in the configuration of Figure 13, fiber optics is used to 
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provide two way conununication between downhole devices, sensors and a sm&ce iinit and to 
operate the downhole de^nces. 

Figures 14A and 14B show a m«hod monitoring the location of prior wdls during 
drilling of a wellbore so as to avoid drilling the weUbpre too dose to or into the existing 
5 wdlbores. Several wellbores are sometimes drilled fiom a rig at a single location. This is a 
common practice in ofishore drilling because moving large platfoims or rigs is not practical. 
Often, thirty to forty weDbores are drilled from a angle location. A template is used to define 
the rdative location of the wells at the suifece. figures 14A and 14B show wdlbores 1004- 
1008 drilled from a common tenqilate 1005. The template 1005 shows openings 1004a. 

lo 1006a, and 1008a as aiz&ce locations for the wellboies 1004, 1006 and 100$ reqjcctivdy. 
Locations of aU otfier wdlbores drilled from the temptoe 1005 are referred to by nuin»al 
1030. I^ure 14B also shows a lateral or branch wdlbore 1010 beii^g drilled from the 
wellbore 1004, by a driU bit 1040. The weDbore 1008 is presumed to be drilled before 
weDbores 1004 and 1010. For the purposes of this example, it b assumed that the driHer 

15 wshes to avoid drilling the wellbore 1010 too close to or onto the wdlboiB 1008. Prior lo 
drilling the wellbofe 1010, a plurality of fiber opric sensors 40 are disposed in the weJlbore 
1008. The vibrations of the drill bit 1040 durii\g drilling of the weHlbore 1010 generate acoustic 
energy, which travels to the wellbore 1008 by a processor of the kind described earlier. The 
sensors 40 in fl» wdlbore 1008 detert acoustic signals ra»ved at the well bore 1008. The 

2 O received sgnab are processed and analyzed to determine the distance of the driU bit from the 
wellbore 1008. The travel time of the acoustic signals from the drill bit 1040 to the sensors 40 
in the weDbore 1008 provides rdativdy accurate measure of sudi distance. Hie fiber optic 
temperature sensw measurements are preferably used to correct or compensate the tiavd time 
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Of the UEderlying vdcciry' for the efie«s cf lempemturc. The driver car* utilize this infonriaiion 
to etvajre that die weUbcrc 1010 is being dnlled ar a . safe distance from the weflbcre 1008, 
tiiercby avoiding drilling ic too dose or inio the vsrellbore lOOS. 

The nber opxic censors described above are espeoaOy suitable for use in drill srripgs 
utilized for drilling wellbcres For die pu.-poses of this invendcn, a "drill string** includes a 
drilling assenibly or bottom hole asscmbi\- ("BHA ") earned by a tubtns whidi may be dnll pipe 
or coiled tubing. A driU bit is anached to the BHA which is rccatcd by routmg the drill pipe or 
by a mud motor Figure 15 shows a bottonihole assembly 1080. haying the driB bh 104O zx one 
end. The bottomhole assembly lOSO is conveyed by a tubing 1062 such as a drill pipe or a 
coaed'tubing. A njud motor 1052 drives die drill bit 1040 attached ro the bonom hole end of 
the BHA. A bearing assembly 1055 coupled to the drfll hit 1040 provides lateral and axial 
support to the drill bii 1040. DriHing fluid 1060 passes through the driiling assembly 1080 and 
drives the mud motor 1052, which in turn rotates the drill bit 1040. 

As descnTscd below, a variety of fiber optic sensors are placed in the BRA. 1O80, drill 
bit 1040 and the tubing 1082. Temperature and pressure sensors T4 and K are placed in the 
drill bit for monitoring die condition of the driU bit 1040. Mbration and displacement sensc.'s 
VI monitor the vibranon of the BHA and cfisplacement sensors VI monhor the lateral and 
a.xial displacement of the drill shaft and thai of the BHA. Sensors T1-T3 monitor die 
temperature of the elasiomeric stator of the mud motor 1052, wi^e the s^isors PI -P4 monitor 
diflFerential pressure across the mud moicr, pressure of the annulus and the pressure of the 9uid 
flowing dirough the BHA. Sensors V1-V2 provide measuretnents for the fiuid flow through 
the BHA and the wellbore. Additionally a spectrometric sensors S 1 of the type described above 
may be placed in a suitable section 1050 of die BHA to measure the fluid and chemical 
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properties of the weUbore fluid. Fiber optic sensor Rl is used to detect radiation. Acoustic 
sensors S1-S2 may be placed in the BHA for determining the acoustic properties of the 
fonnation. Additionally sensors, generally denoted herdn as S may be used to provide 
measurements for resistivity, dectric field, magnetic field and other measurements that can be 
5 made by the fiber optic sensors. Alight source LS and the data acquisition and processing unit 
DA are preferably disposed in the BHA The proceSOTig of the signals is preferably done 
downhole, but may be done at the surface. Any suitable two way conununication method inay 
be used to communicate between the BHA and the surface equipment, including optical fibers. 
The measurements made are utilized for determining formation parameters of the kind 
10 described carfier, fluid properties and the comEtion of the vaiiw^ 

including the condition of the drill bit, mud motor, bearing assembly and any other componeJit 
part of the drilling assembly. 

While foregoiiig disclosure is dhccted to the prefeffcd embodiments of the invention, 
various modifications be apparent to those skiUed in the art It is intended that aU 
15 variations within the scope and spirit of the appended claims be embraced by the foregoing 
disdosure. 
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5 1. A method of monitoiring and controlling an injectioi 
operation, comprising : 

(a) locating in a production well a plurality of 
distributed fiber optic sensors; 

(b) injecting a fluid in an injection well formed 
10 spaced apart from the production wellbore; 

(c) determining from the fiber optic sensor 
measurements a parameter of the formation between the 
production well and the injection well; and 

(d) controlling the injection of the fluid in 
15 response to the determined parameter, 

2. The method of claim 1, wherein determining the 
parameter of interest further comprises measuring 
change in pressure or fluid flow at the production well 

20 and relating it to a time and amount of said injection 
of fluid in the injection wellbore. 

3. The method of claim 1, wherein determining the 
parameter of interest further comprises receiving 

25 acoustic signals indicative of fracturing of the 
formation. 
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